Whenever eye movements are made between objects located at different distances, changes in vergence angle and accommodation are required. For exam ple, when looking from a far to a near object, appropriate increases in convergence and accommo dation ensure that the object is imaged on the fovea of each eye and is correctly focused. While the two
Whenever eye movements are made between objects located at different distances, changes in vergence angle and accommodation are required. For exam ple, when looking from a far to a near object, appropriate increases in convergence and accommo dation ensure that the object is imaged on the fovea of each eye and is correctly focused. While the two major sensory drives for vergence and accommoda tion are disparity and blur, 1 -5 looming cues may also affect these eye movements. 6 , 7 It has been known for many years that the vergence and accommodation systems are cross-coupled (see, for example, Fin cham and Walton 1 and Miiller 8 ), but this cross coupling was first clearly described in its current form by Westheimer. 9 A simplified version of a recent cross-coupled model of vergence and accommoda tion is shown in Fig. l Fig. 2 . The behaviour of a far-response cell in the posterior interposed nucleus (IP) . Panel A shows that the activity of this cell is modulated during sine wave tracking of a target moving in depth. Panels B-D show the behaviour of this cell in response to a target with different disparity and blur demands. During these trials, the animal is required to look to the target only after the fixation light is extinguished. Thus there is a period time, which is under experimental control, where the target is illuminated and the animal is required not to look away from the initial fixation target. The randomly timed target appearance, indicated by the step in the lowest trace, has been aligned to I second in all trials to facilitate comparison. In this example, +2 MA is approximately equivalent to a +40 and +2 dioptre demand, while -2 MA is approximately equivalent to a -4° and -2 dioptre demand. DV, divergence velocity; HL, horizontal left eye position; HR, horizontal right eye position; V A, vergence angle; VL, vertical left eye position.
Over the past few years, we have acquired extensive knowledge of the behavioural character istics of vergence and accommodation and their interactions, 1 -5, 1 0, 1 l but have only limited knowledge of the neural bases of these eye movements. Most studies of the neural control of vergence and ocular accommodation have concentrated on the behaviour of either the motoneurons for vergence eye move ments, 1 2 -1 6 or the premotor neurons found around the oculomotor nucleus in the supraoculomotor area and adjacent reticular formation. ll , 1 7 -2 1 This report reviews our recent efforts to describe more fully the central neural pathways involved in the control of vergence and accommodation.
The studies described below used alert, trained, juvenile Rhesus macaque monkeys (Macaca mulatta). All procedures were approved by the IACUC, complied with the USPHS Policy on Humane Care and Use of Laboratory Animals, and have been described previously.22,2 3 The optical system used in these studies was a binocular visual stimulator similar to one used previously by us 22 and based on the original design of Crane and Clark ?4 However, it was modified to allow video displays to be used for target presentation, with each having its own independent accommodative and vergence demand.
ROLE OF THE CEREBELLUM IN VERGENCE AND ACCOMMODATION
The supraoculomotor area and adjacent reticular formation around the oculomotor nucleus contain premotor neurons for vergence and ocular accom modation p -2 1 We have carried out anatomical studies to investigate the inputs to this region, and have found connections between it and specific deep cerebellar nuclei. -loop) . In all cases, firing rate was modulated under all viewing condi tions. Therefore, these cells would be expected to be located after the cross-links that couple blur and disparity to vergence and accommodation. Micro stimulation in this region of IP produced divergence eye movements and matching decreases in accom modation, i.e. a far-response region. These studies suggested that this region of IP is involved in the control of the far-response, possibly by way of its projection to the midbrain near-response region.
In addition to their motor responses, some cells in this region of IP also display an apparent sensory component. 27 An example of one of these cells is shown in Fig. 2 . Panel A of this figure shows the behaviour of this cell during sine-wave tracking of a target moving in depth. Under this condition, the firing rate of the cell is closely related to divergence velocity (DV). In addition, panels B-D show the apparent sensory component of this cell during delayed movement trials. With the appearance of a far target in panel D, the cell shows a significant, transient increase in its activity that is not seen with the appearance of the near target in panel B.
Although some previous studies in cats have reported positive accommodation with stimulation of this region of the deep cerebellar nuclei, 2 s. 29 the accommodation reported was extremely small, and indeed Westheimer and Blair'o questioned whether, in primates, the cerebellum played any role in vergence eye movements. Therefore our findings represent the most conclusive evidence to date for a role of the cerebellum in controlling vergence and accommodation. Our findings are also consistent with some recent clinical findings that have reported deficits in convergence with lesions of the cerebellar peduncles?! and deficits in accommodation for far with a cerebellar lesion? 2 
ROLE OF THE NRTP IN VERGENCE AND ACCOMMODATION
Given the activity related to the far-response that was recorded from neurons of the IP, we decided to identify those pre cerebellar nuclei that might be providing the input to this nucleus. Single-unit recording from one precerebellar nucleus, the nucleus reticularis tegmenti pontis (NRTP), identi fied some cells that were related to convergence and some to divergence. 2 3 The convergence-related neurons exhibited transient increases in their firing rate during the near-response. Many of these cells also had a tonic firing rate that increased as a function of increases in convergence and accommo dation. An example of one of these cells is shown in Fig. 3A . Approximately equal numbers of cells were also encountered in the NRTP that showed transient increases in activity during divergence. In addition, many of these cells displayed tonic activity which declined to zero with increases in vergence angle of between 1 and 3 metre angles. An example of one of these cells is shown in Fig. 3B . We found that many of these recorded cells were close to neurons displaying saccade-related activity, and marking lesions confirmed that the recording sites were in the medial NRTP in a location similar to that reported for saccade-related neurons. 33 The activity of many of these NRTP neurons was tested during normal viewing, disparity vergence (blur open-loop) and accommodative vergence (dis parity open-loop). In all cases, firing rate was modulated under all viewing conditions. Therefore, just as in the case of neurons in IP, these cells would be expected to be located after the cross-links that couple blur and disparity to vergence and accom modation.
Since the NRTP is known to receive cortical afferents and to have reciprocal connections with the cerebellum, we suggested that some cells in the medial NRTP could form part of a cerebro-cerebel lar pathway modulating or controlling vergence and accommodation. 2 3 This suggestion is supported by the recent single-unit recording studies in the pre arcuate cortex of the Rhesus monkey described below.
ROLE OF PREFRONTAL CORTEX IN VERGENCE AND ACCOMMODATION
A few studies of cerebral cortex have reported cells in the parietal cortex that could be related to vergence and accommodation (see, for example, Single-unit recording from area 8 in the pre arcuate cortex identified neurons that showed activity speci fically linked to the near-response or to the far response. The activity of a near-response neuron is shown in Fig. 4A , while that of a far-response neuron is shown in Fig. 4B . While most of these cells exhibit transient increases in their firing rate during these eye movements, some also display a tonic firing rate that is related to vergence angle and accommodation.
The region of area 8 related to saccadic eye movements includes the anterior bank of the arcuate sulcus and the immediate pre arcuate cortex. 44 The region involved in smooth pursuit eye movements includes the fundus of the arcuate sulcus.4 5 ,4 6 These regions have been termed collectively the frontal eye field (FEF). The present study suggests that the FEF may be involved in all voluntary eye movements, and that it may extend anteriorly to include a region of area 8 related to vergence and ocular accommoda tion.
CONCLUSIONS
Our studies have provided evidence for a cerebro ponto-cerebellar pathway involved in the neural control of vergence and ocular accommodation. This pathway is summarised in Fig. 5 . To provide as complete a description as possible of our current knowledge of the central neural control of vergence and accommodation, those additional pathways that have been described electrophysiologically,4 7 ,4 8 or are suggested on the basis of anatomical stu dies, 25 .39-4 2 are also identified in Fig. 5 .
